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Abstract

The development of novel gene expression systems for cytochrome P450s (CYPs) together with a revolution in analytical mass spectrom-
etry with the emergence of liquid chromatography/mass spectrometry (LC/MS) has opened the door to answering some long-standing ques-
tions in Vitamin D metabolism. Our studies focused on: (1) elucidating the role of CYP24 in 25-OH-D3 and 1�,25-(OH)2D3 metabolism;
(2) exploring how DBP influences this process; (3) measuring 25-OH-D3 metabolism in CYP24–knockout (CYP24–XO) cells and; (4)
comparing 1�-OH-D2 metabolism in the CYP24-XO mouse in vivo and in vitro. Methodology employed CYP24 over-expression and
knockout systems in conjunction with state-of-the-art analytical LC/MS, diode array, and radioisotopic detection methods. We found that
CYP24 metabolizes 25-OH-D3 and 1�,25-(OH)2D3 at similar rates in vitro, but that for 25-OH-D3 but not 1�,25-(OH)2D3, this rate is
strongly influenced by the concentration of DBP. Unlike their wild type littermates, the administration of 25-OH-D3 to CYP24-XO mice
results in no measurable 24,25-(OH)2D3 production. When neonatal murine keratinocytes are prepared from wild type and CYP24-XO
mice there was no measurable production of 24,25-(OH)2D3 or 1�,24,25-(OH)2D3 in CYP24-XO mice. Similar experiments using the
same wild type and CYP24-XO animals and cells and [3H]1�-OH-D2 resulted in the apparent paradox that the Vitamin D prodrug was
25-hydroxylated in vivo but 24-hydroxylated in vitro.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The sequencing of the human genome has led to the re-
alization that among a pool of sixty total cytochrome P450s
(CYPs) [1], there are three known and possibly other un-
characterized CYPs dedicated to the metabolism of Vita-
min D compounds. The cloning of these Vitamin D-related
CYPs from a number of species has given enzymologists
an unprecedented opportunity to study their catalytic prop-
erties in a variety of settings. We have chosen to generate
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over-expression and knockout systems to explore the prop-
erties of the CYP knowing the background activity of the
host cell and also without the complexity of regulation[2].
This manuscript describes work with CYP24, where: (a) we
have engineered a novel cell line which overexpresses hu-
man CYP24 in an environment (V79 Chinese hamster lung
cell line) where there is no detectable baseline of CYP24
which can be used to study enzyme specificity and kinetics of
the human CYP24 enzyme; and (b) in the CYP24-knockout
(CYP24-XO) mouse[3] where we have studied animals
in vivo after the administration of various [3H] Vitamin D
compounds: 1�,25-(OH)2D3, 25-OH-D3 and 1�-OH-D2; or
(c) studied Vitamin D metabolism in keratinocytes prepared
from neonatal CYP24-XO mice[4] and their heterozygous
or wild type littermates.
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In the current study, we have combined the use of several
state-of-the-art techniques to investigate the metabolism of
a wide variety of Vitamin D compounds. These techniques
include in-line radio-scintillation detection, diode array
spectrophotometry and newly established LC/MS protocols.
LC/MS is an emerging technology which is being viewed
as a powerful new tool combining excellent sensitivity with
convenient sample preparation to facilitate the simultaneous
analyses of multiple small molecules in a single run in a pro-
cess known as ‘metabolomics’. Thus far there are few exam-
ples of the application of LC/MS to Vitamin D metabolism
and we combined it here with the cutting edge CYP ex-
pression systems to attempt to answer some important
long-standing questions in the Vitamin D metabolic field. In
particular, we wished to address the controversy around the
exact physiological role of CYP24 in both 1�,25-(OH)2D3
and 25-OH-D3 metabolism[5]; as well as explore the role
of CYP24 in the metabolism of analogs such as 1�-OH-D2
which is both 24- and 25-hydroxylated in vivo[6].

2. Methods and materials

2.1. Cell culture and incubation

HPK1A-ras, V79-CYP24, and V79-4 cells were main-
tained in 150 mm cell culture plates with Dulbecco’s Mod-
ified Eagle Medium (DMEM) [Gibco] supplemented with
10% (v/v) FBS [ICN] and 1% (v/v) antibiotic/antimycotic
[Gibco]. Primary keratinocytes harvested from CYP24-XO,
heterozygous and wildtype mice were maintained in 60 mm
cell culture plates. At 80–90% confluence, cells were sub-
cultured into six well plates. After recovery, the cells (except
V79-CYP24) were induced with 10 nM 1�,25-(OH)2D3 for

Fig. 1. LC/MS-based methodology for the study of Vitamin D metabolism.

18 h and incubated in DMEM supplemented with 1% (w/v)
bovine serum albumin (BSA) [Boehringer Mannheim]
and 1% (v/v) antibiotic/antimycotic containing variable
amounts of 1�,25-(OH)2D3/25-(OH)2D3 or [1�-3H]1�,
25-(OH)2D3/[26,27-3H]25-OH-D3 (1, 100, 500, 750 nM, 1,
5, 7.5 and 10�M), in triplicate assays for 24 h (SeeFig. 1).
Incubations were also carried out at fixed concentrations
(1 or 10�M) over a 48 h time course (0, 4, 8, 12, 24 and
48 h) with both substrates. The 2�l well volume was sup-
plemented with 2 ml of 100 mM 1,2-dianilinoethane antiox-
idant [Sigma]. No-cell, dead-cell, and untransfected V79-4
cell controls were incubated with the 10 or 1�M substrate
stock solution. After the incubation, 1�-OH-D3 (or Vitamin
D3 for incubations with 25-OH-D3) was added as an inter-
nal standard to assess recovery from extraction. In selected
incubations, DBP was added to the incubation medium at
concentrations of 0.1–0.5�M (1–5% physiological).

2.2. Extraction and HPLC

Media and cells from cell culture or tissues from mice
were extracted using a modification of the Bligh and
Dyer extraction. Normal phase HPLC was carried out on
an Alliance 2695 separations module with 996 photodi-
ode array detector [Waters]. Where needed, radioactivity
analysis was carried out in-line. Separation was facili-
tated by an isocratic solvent system of 91/7/2 or 96/3/1
hexane/isopropanol/methanol at 1 ml/min on Zorbax-Sil
columns [Agilent]. The Bligh and Dyer aqueous phase
was subjected to 0.015% (v/v) glacial acetic acid (GAA)
and re-extracted with 5 ml methylene chloride after acid-
ification by the addition of 0.015% (v/v) glacial acetic
acid (GAA). The aqueous layer re-extracts were analyzed
using a Zorbax-SB C18 column [Agilent] with an
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acetonitrile/water/GAA-based gradient system at 1.0 ml/min.
Catabolites were identified on the basis of the charac-
teristic Vitamin D cis-triene chromophore (λmax = 265;
ε = 18, 300) and co-chromatography with authentic
synthesized standards for 1�,25-(OH)2D3, 25-OH-D3,
1�,24,25-(OH)3D3, tetranor-1�,23-(OH)2D3, calcitroic acid
and 24,25-(OH)2D3. Catabolite identity was confirmed by
LC/MS while quantification was based upon diode array
detection or LC/MS.

2.3. LC/MS

Peaks possessing the Vitamin D chromophore were
collected from the above chromatographic analyses. The
fractions were subjected to a methanol/water/GAA-based
gradient system (Zorbax-SB C18 [Agilent], 0.2 ml/min) for
injection into a Quattro Ultima electrospray mass spectro-
meter [Micromass] to confirm the identity of the lipid- and
water-soluble catabolites.

3. Results

Initial experiments involved establishing methods for the
LC/MS detection of all known C-24 oxidation metabolites
of 1�,25-(OH)2D3 and 25-OH-D3 [7]. Fig. 2 illustrates the
LC/MS mass spectra of 25-OH-D3 and its five C-24 oxida-
tion metabolites. Detection limits for all metabolites were
in the picogram range permitting metabolism studies on the

Fig. 2. LC/MS analysis of the metabolites of 25-OH-D3.

CYP24 expressing cells easily down to a substrate concen-
tration of 100 nM.

Enzymatic properties of a V79 cell line stably trans-
fected with human CYP24 were compared with the human
keratinocyte, HPK1A-ras, a naturally occurring CYP24
over-expressing cell line. Both cell lines revealed very sim-
ilar data when 1�,25-(OH)2D3 or 25-OH-D3 were used as
substrate.Fig. 3 shows the data when HPK1A-ras cells are
incubated with 25-OH-D3 or 1�,25-(OH)2D3 at a substrate
concentration of 10�M for 24 h. Both cell systems gen-
erated all expected intermediates from 1�,24,25-(OH)3D3
to calcitroic acid and 25-OH-D3 to a truncated C23 acid
(shown inFig. 2) over the full concentration range 100 nM
to 10�M used. At lower substrate concentrations both com-
pounds were efficiently converted to terminal catabolites.
Somewhat surprisingly, 1�,25-(OH)2D3 and 25-OH-D3
were catabolized at similar rates when an artificial culture
medium devoid of fetal calf serum but containing 1% BSA
was used. On the other hand when human recombinant
DBP was added to the external medium at concentrations
ranging from 1 to 5% of physiological there was a sig-
nificant reduction in the rate of 25-OH-D3 metabolism
but not of 1�,25-(OH)2D3 metabolism (data not shown).
The effect is consistent with sequestration of 25-OH-D3
but not 1�,25-(OH)2D3 by DBP on the exterior of the
CYP24-expressing cell.

Another way to study the actions of CYP24 in the
natural setting is to delete its gene. Using CYP24-XO
mice generated by St-Arnaud’s group in Montreal[3], we
previously showed that these mice, as compared to



152 S. Masuda et al. / Journal of Steroid Biochemistry & Molecular Biology 89–90 (2004) 149–153

Fig. 3. HPLC analysis showing the metabolism of (A) 10�M 25-OH-D3 and (B) 1�,25-(OH)2D3 by HPK1A-ras cells in the absence of FBS (source of
DBP) but in the presence of BSA.

heterozygous and wild type littermates, have a reduced
capacity to clear a bolus dose of [1�-3H]1�,25-(OH)2D3
from the bloodstream and tissues[8]. In these studies, we
administered [26,27-3H]25-OH-D3 to CYP24-XO mice and
followed the production of 24-oxidation products includ-
ing 24,25-(OH)2D3 by LC of blood and other tissues. We
observed a total absence of 24,25-(OH)2D3 in CYP24-XO
mice whereas heterozygous mice showed a significant peak
of the metabolite in all tissues tested.Fig. 4Ashows analysis
of the kidney tissue from CYP24-XO and control animals.
When primary neonatal keratinocytes were prepared from
CYP24-XO and+/− animals, the findings were essen-
tially the same with 24,25-(OH)2D3 only formed when the

Fig. 4. HPLC analysis of kidney tissue from CYP24-XO mice or their het-
erozygous littermates after administration of either (A) 5�Ci of 25-OH-D3

or (B) 5�Ci of 1�-OH-D2.

CYP24 gene was expressed. Interestingly, despite being cul-
tured under low Ca conditions the CYP24-XO keratinocytes
failed to show significant 1�,25-(OH)2D3 production even
though the masking action of CYP24 was absent.

We also explored the use of the CYP24-XO mouse in the
study of the metabolism of Vitamin D analogs. The analog
we chose to study was the BCI analog, 1�-OH-D2 which
is both 24- and 25-hydroxylated in vivo and which has
been extensively studied in target cells in culture[6]. Using
[9,11-3H]1�-OH-D2 at high specific activity (40 Ci/mmol),
we administered a single 5�Ci dose of analog to CYP24
−/−, +/− and +/+ animals. At various time-points and
in all tissues tested, [9,11-3H]1�-OH-D2 was converted to
[9,11-3H]1�,25-(OH)2D2 but no [9,11-3H]1�,24-(OH)2D2
was evident.Fig. 4B shows representative results from
analysis of the kidneys of the two groups of animals. In
reviewing the data, there is considerable animal-to-animal
variability but there is a clear trend towards higher
[9,11-3H]1�,25-(OH)2D2 levels in CYP24-XO animals.
This may be a consequence of the lack of CYP24 to catab-
olize the putative active form. In this regard, it should be
noted that primary neonatal keratinocytes from these same
animals show a CYP24-dependent ability to synthesize
1�,24-(OH)2D2 and other side-chain hydroxylated metabo-
lites from 1�-OH-D2 as well as a spectrum of catabolites.
From the data it is presumed that in vitro 24-hydroxylation
of 1�-OH-D2 and the catabolism of all side chain hydroxy-
lated products is due to CYP24.

4. Discussion

The development of LC/MS-based methodology to detect
Vitamin D metabolites combined with the latest recombinant
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cytochrome P450 protein expression systems provides pow-
erful tools to look at problems in Vitamin D metabolism. In
the work described here, we used these new models and tech-
nology to investigate the properties of the cytochrome P450,
CYP24 in a variety of settings: in vivo, naturally occurring
in cells in vitro and transfected into host cells not expressing
native CYP24 in vitro. The results all reinforce what we al-
ready know about CYP24 namely that it carries out the 5-step
C24-oxidation pathway which converts 1�,25-(OH)2D3 or
25-OH-D3 into side chain truncated acids. The finding of the
C23-acid from 25-OH-D3 is the first report of this metabo-
lite and is made possible by the sensitivity and convenience
of LC/MS.

The finding of a similar rate of metabolism of 1�,25-
(OH)2D3 or 25-OH-D3 by CYP24 is novel, though there
are hints in the literature fromEscherichia coli expression
systems that this might be the case[9]. In fact, Taniguchi
et al. [9] concluded that 25-OH-D3 is the preferred sub-
strate for CYP24, though there are claims from other work-
ers that Taniguchi et al’s methodology for 1�,25-(OH)2D3 is
greatly flawed and measurements for rate of 1�,25-(OH)2D3
catabolism are underestimated[5]. The work described here
provides documentation that DBP present in the culture
medium has a profound influence on the rate of 25-OH-D3
metabolism but not 1�,25-(OH)2D3 metabolism presumably
sequestering the 25-OH-D3 but not 1�,25-(OH)2D3 on the
exterior of the cell. The work also reinforces a conclusion
that reconstituted cell-free purified protein preparations of
CYP24 in the test-tube cannot simulate the true physiolog-
ical situation and lead to misleading conclusions. Indeed,
the concepts developed here using CYP24 expressed inside
a non-renal cell do not provide insights on how 25-OH-D3
is able to traverse the plasma membrane and get 1�- and
24-hydroxylated to give the metabolites 1�,25-(OH)2D3 and
24,25-(OH)2D3. However, the work with these cells pro-
vides good insight into why 1�,25-(OH)2D3 is so readily
catabolized inside target cells without the influence of DBP.

The availability of the CYP24-XO mouse opens up new
approaches to determine the involvement of CYP24 in
Vitamin D analog metabolism. The model is particularly
useful to discern nuances of the metabolism of the mar-
keted prodrug analog 1�-OH-D2 [6]. It is widely believed
that 1�-OH-D2 is 25-hydroxylated in the liver to give
1�,25-(OH)2D2 but evidence acquired in several species
suggests the additional formation of an alternative bioactive
product 1�,24S-(OH)2D2. As expected, the in vivo data ac-
quired here suggest CYP24 plays no role in 1�,25-(OH)2D2
production because there is no lack of the metabolite in the
blood or tissues. However, the data also show that CYP24
may play a role in 1�,25-(OH)2D2 catabolism, and if any-
thing 1�,25-(OH)2D2 levels are elevated in CYP24-XO
animals. The data are unhelpful on the origins of the
1�,24S-(OH)2D2 since there was no detectable production
of 1�,24S-(OH)2D2 in wild type, heterozygous or knockout

mice. It is assumed that the production of 1�,24S-(OH)2D2
is achieved only at analog concentrations not reached here
or that there are species differences in cytochrome P450
complements which play a role here. Another aspect of
this story is that CYP24-containing tissues such as primary
neonatal keratinocytes do generate 1�,24S-(OH)2D2 and its
further catabolites from 1�-OH-D2 in vitro. The production
is abolished in CYP24-XO keratinocytes leaving one to
conclude that CYP24 must be involved in both the step of
activation to 1�,24S-(OH)2D2 and steps of its catabolism
to polyhydroxylated inactive products[4,10]. The new
knowledge will be useful to rationalize the mechanism of
1�-OH-D2 prodrug activation and to the continued devel-
opment of synthetic 1�,24S-(OH)2D2 as a drug. In the
process these studies show the validity of using customized
CYP24-deficient mice in Vitamin D analog development.
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